Introduction
Intensive livestock housing employs an environmental control system to maintain animal health and welfare and raise production efficiency. The thermal environmental within a livestock house can be defined in terms of air temperature, relative humidity (RH), thermal radiation and air velocity; air temperature, and sometimes relative humidity, are commonly used as the criteria by which the rate of ventilation is controlled in an animal house.
1
Adverse environments can affect the incidence and severity of certain endemic diseases. For example, a poor indoor microclimate, which is characterized by an inadequate thermal environment, poor ventilation and high burdens of aerial pollutants, can play a major role in the aetiology of enzootic bronchopneumonia of calves and weaner pigs. 2 Furthermore, abrupt changes in the thermal environment may be a more important determinant of disease than constant, but hot or cold, temperatures over a long period.
2 Young calves and piglets are also prone to gastroenteric diseases, which lower metabolic rate and body core temperature: such animals are more susceptible to cold stress. In contrast to their physiological effects, a warm environment may aid recovery from some diseases.
An optimal thermal environment is usually defined for each species in terms of its effects on production: there are a few specific recommendations in terms of disease. Several authors have discussed and reported the effects of temperature on the milk yield of dairy cows, 3,4 the performance of fattening pigs 5, 6 and the egg yield of laying hens. 7 The lower critical temperature (LCT) defines the lower limit of the range of optimal temperature: the upper limit is given by the upper critical temperature (UCT). LCT is affected by factors such as age, sex, breed, 8 food energy level and intake, feathering, 9 stocking density, 10 bedding system, 11 etc. Some selected values for LCT are shown in Table 1 . Typical values of UCT are not given because they are rarely exceeded for housed livestock in temperature climates. The CIGR commission 12 recommended maximum and minimum values of RH as a function of indoor temperature, for example, an RH of 50-90% at 0°C followed by a steady decrease of RH to a tolerable range of 40-60% at 30°C.
The object of this study was to compare measurements of temperature and relative humidity in livestock buildings in Northern Europe with recommended values. The levels of temperature and moisture were evaluated with respect to physiological and health aspects and the effect of ventilation was considered. The work was part of a larger study of aerial pollutant emissions from livestock buildings; an overview is given by Wathes et al. 
Materials and methods
The methods for the measurement of air temperature and relative humidity have been comprehensively described by Phillips et al.
14 but are presented here in brief. Air temperature and relative humidity were measured using a combined thermistor and capacitive sensor with a range of !30 to #70°C and 0-100% RH, respectively. The accuracy at 25°C was $0)5°C and $2% RH. Calibration took place every six months. Between calibrations, the logged values were compared with a reference instrument, which also determined the need for calibration.
The sensors were controlled by a computer, which recorded and stored the data during the experiment. Measurements were taken approximately every 6 min at seven sampling points in each animal house and at a reference sampling point outside the building. Three sampling points were located at animal level, three at the height of the human breathing zone and one point was located close to one of the ventilation outlets. The data were continuously transmitted by telemetry to a receiver. A typical measurement period lasted 24 h, starting at 06 00 h. The measurements took place in cattle, pig and poultry livestock buildings in England (E), the Netherlands (NL), Denmark (DK) and Germany (G), in summer as well as in winter. A total of 329 animal houses were investigated. Summer was defined arbitrarily from May to October and winter from November to April. The survey started in August 1993 and was completed in December 1995. 
Generally, the data were analysed by species, housing type and season over each of the countries for both day and night measurements. The relationship between external and internal temperatures was analysed by species. Data were collected for dairy cows on litter, dairy cows in cubicles, beef cattle on litter, beef cattle on slats, calves on litter and calves on slats, sows on litter, sows on slats, weaners on slats, fatteners on litter, fatteners on slats, laying hens in percheries, laying hens in cages and broilers on litter. The diurnal stability of the microclimate over 24 h was determined. Average values from all countries classified by species, housing type and season were calculated. Seasonal effects on microclimate, separated into day and night comparisons for each housing type, were also investigated using Student's t-test to examine the stability of the control system where used.
Results

General
The measurements of temperature and relative humidity are shown in Tables 2-5, classified by animal and building type, season, and time of day and expressed as the mean, standard deviation (SD), coefficient of variation (CV), minimum and maximum. The mean values of temperature and RH are based on the mean hourly measurements over 12 h for both day and night in all four countries for a given housing type and season. The minimum and maximum values were extracted from the data across all four countries and are single values measured over 1 h. The overall relationship between mean temperature and relative humidity across all housing types at day and at night had a linear correlation coefficient of !0)807 (n"56; p(0)001; Fig. 1 ).
Cattle
The mean dry bulb air temperature in dairy cow houses ranged between 12°C in winter and about 17°C during summer (Tables 2 and 3 ). The high CV of up to 33% can be attributed to the inclusion of naturally ventilated houses. The temperatures were well above LCT and were in the optimum range 15 of between 0 and 20°C. In contrast to the air temperature, the RH was relatively stable; the SD was typically 12% during the daytime and 9% during the nighttime throughout the year (Tables 4  and 5 ). The mean RH varied only slightly between 76 and 83% during the day and 80 and 86% during the night. Strong seasonal effects were observed for beef cattle housed on litter during daytime. Mean temperatures of 10)8°C in winter and 24)4°C during summer reflect a relationship with outdoor conditions, mainly in naturally ventilated houses. For beef cattle on slatted floors, the difference between mean temperatures in winter and summer was clearly lower than for cattle on litter and was partly due to the use of mechanical ventilation systems. Generally, the mean RH ranged between +70 and +90%.
Calves on litter, which were normally housed in naturally ventilated buildings, showed the same pattern. Mean air temperatures during winter were 8 to 9°C during day and night, but a nightly CV of up to 49% and minimum temperature of 0)6°C with a maximum temperature of 12)9°C suggested a widely varying temperature throughout the survey. In summer, the mean air temperature was naturally warmer, but a CV of about 30% reflects a similar variation as for winter. A narrower temperature range was observed in calf houses with slatted floors, which was mainly due to the use of mechanical ventilation systems. The mean temperature in winter was 15)5°C during the day and 13)9°C during the night. For summer the values were 20)3°C and 20)1°C, respectively. The CV over all seasons and at day/nighttimes was about 13)4% for calves on slats. In spite of these variations, the LCT for a 100 kg veal calf was never reached.
Pigs
The warmer thermal requirements for pigs were reflected in comparatively higher mean air temperatures (Tables 2 and 3 ). For sows on litter as well as on slats, mean day and night temperatures of about 20)5°C were measured, independent of the season. In contrast to cattle houses, the values of CV were smaller, ranging from 6 to 27% during the day and night. Winter indoor temperatures in sow houses with slats were constant but not for sows on litter, which were often kept in naturally ventilated buildings. As a consequence, varying outdoorweather conditions influenced the indoor environment significantly. According to the values given in Table 1 , the LCT was not exceeded for the mean values, but minimum values of less than 18°C occurred. The overall mean RH was about 71% for sows on litter and 62% for slatted floor sow houses. The lowest RH ( (22%) was measured in sow houses with slats.
Fig. 1. Correlation between mean temperature and relative humidity in livestock buildings (n"56). y"!1)7x#103)6, r"!0)807, p(0)001
Weaner pigs require a high temperature of well above 20°C. Over 24 h, mean air temperatures for both seasons were +25°C. CVs of about 16% were linked with large variations between minimum and maximum values and extremes of 17)3 and 34)2°C were found. Assuming a body mass of about 20 kg, air temperatures were above the LCT, although minimum values of less than this occurred. The higher mean temperatures, and the maximum values in particular, correlate with the lowest RH values found in livestock buildings. Mean RHs in the range 49-58% and minimum values down to 18% were characteristic of weaner houses.
In winter, daily mean air temperatures of +14°C were measured for fattening pigs on litter with a minimum value of 5)9°C during the right and a maximum temperature of 20)3°C during the day. The same houses were characterized by daily mean air temperatures of 20°C in summer with minimum and maximum values of 15)5 and 26)6°C, respectively. As with other naturally ventilated housing systems, CVs ranged between 17 and 37%. For slatted floor fattening units, the daily mean temperature was 20°C during the winter and 23°C during summer. Compared with the litter housing type, slatted floor houses had a lower CV together with lower ranges between minimum and maximum temperature indicating a lesser dependence on the prevailing outdoor climate. This assumption was supported by the fact that for fattening pigs on litter in naturally ventilated units in UK, for instance, the significant ( p(0)05, Mann-Whitney U-test) difference between outdoor and indoor temperature ranged only between 3)6 to 5)8 K but varied in forced ventilated buildings between 6)2 and 12)4 K. The limit of LCT was reached or exceeded only for fatteners on litter during winter (Table 1) .
Fattening pigs on litter had higher RHs as opposed to animals on slatted floor. The former type had RH's of more than 73% extending up to nearly 82%. For the latter types, mean RH ranged between 64 and 67%. The minimum to maximum range was between 48)7 and 92)1% RH. Clear seasonal differences were not apparent.
Poultry
Two different housing systems for laying hens were investigated, namely cage and perchery systems. The mean air temperatures in percheries were nearly identical to those in cage systems. Mean winter temperatures of about 18 to 20°C and mean summer temperatures of 21)7°C were measured. Temperatures were stable as shown by the low CV, i.e. 9)9% on average. Generally, the CV was lower in summer than winter. The overall range between minimum and maximum values was 6)9°C on average, marked by extreme values of 13)2 and 26)8°C, respectively. The mean daytime RH for all layer houses was 62%, which was similar to the night. For all layer houses the daytime and nighttime average minimum value was 51% and the maximum value was 79%. At no time was the LCT exceeded.
In broiler houses the summer and winter temperatures and the RH were similar, typically about 25°C with mean RH values varying between 66 and 71%. Maximum and minimum temperature ranged between 20 and 31°C. The lowest RH of 40% was determined in winter in contrast to a maximum value of 83% during summer. The mean temperatures were markedly above the LCT. Figures 2 to 4 show the relationship between the internal and external temperatures for the three species in both seasons. A third-order polynomial regression was fitted to the data. The internal temperature within the cattle houses was always 3-5°C warmer than the ambient, while air temperatures within the pig and poultry houses were independent of the external temperature up to temperatures of about 17°C. Statistical analysis of the data in Tables 2 and 3 showed that there were no significant differences between day and night measurements either during winter or summer, except for percheries in summer ( p)0)01). Seasonal differences in air temperature were significant for all cattle types ( p)0)001), as well for sows on slats, all fattening pig units and layers in percheries. For sows on litter only during the day was the winter/summer difference significant ( p)0)05). The season also affected temperatures in layer houses with cages during the day ( p)0)001) and during the night ( p)0)01). In broiler houses, as well as in weaner houses, no daily or nightly seasonal effects on air temperature were observed. 
Relationship between external and internal air temperature
Discussion
Environmental temperature and humidity are important variables in the design specifications for livestock buildings because of their role in thermoregulation and hence productivity. Both variables also influence the concentration of aerial pollutants, such as gases and bioaerosols, and therefore may have an adverse impact on health.
16 Environmental temperature is not necessarily synonymous with air temperature, except in well insulated buildings with mechanical ventilation, as in the case with many of the livestock buildings in this study. Furthermore, whether an environmental temperature is too warm or too cold depends greatly upon the physiological state of the animal 1,11 which determines the upper and lower critical temperatures. However, in the first analysis, the thermal environment in a livestock building can be appraised in terms of the air temperature and relative humidity alone if the buildings are mechanically ventilated and well insulated. There are considerable technical difficulties in measuring the ''true'' environmental temperatures in such a large survey as presented here. At their very simplest, the results of this survey indicate the adequacy or otherwise of the thermal environment provided in typical livestock buildings in four European countries.
This survey has shown that temperature and RH in cattle houses are characterized by wider variations in contrast with other species. This is acceptable given the tolerance of cattle to a wide range of thermal environments and the acclimatization that can occur.
17 Climatic buildings which use natural ventilation are an adequate means of eliminating extreme weather. Calves on slats are usually maintained in controlled environment buildings at an optimum temperature to obtain maximum daily gain. For this type of calf housing, measured air temperatures were satisfactory, the recommended values 15 from DIN 18910, i.e. 20°C down to 10°C for body weight classes of 60 kg up to 150 kg, were in close agreement with the mean air temperatures. On the other hand, calves on litter in naturally ventilated rearing systems were exposed in winter to markedly lower mean temperatures with extreme minimum values of 0)6°C. Under these conditions, a higher feed intake would be needed to maintain body heat production and daily weight gain, but otherwise the calves would be more healthy than in controlled environment buildings, because of better air quality. The lower incidence of disease in naturally ventilated buildings often compensates for the higher feed costs needed to maintain a satisfactory daily gain in weight.
The pig fattening units generally met the recommended air temperatures. Only fattening units with litter had mean temperatures that were too cold with a minimum temperature of 5)9°C during one winter night. This would be associated with sub-optimal productivity 11 and profitability. In practice, the pigs could attempt to alleviate the cold stress by behavioural thermoregulation, e.g. huddling in a deep bed of straw. The air temperatures in all sow houses were usually satisfactory, although high maxima were recorded in summer. A maximum air temperature of nearly 36°C in the summer was probably due to insufficient ventilation and would cause heat stress in sows because the upper critical temperature was exceeded.
11 Warm temperatures are necessary for weaner pigs; mean air temperatures were greater than the LCT of 21°C (Table 1 ; +20 kg body weight) and were generally satisfactory, though the variation in winter was from about 34 to 17°C. Nevertheless, inspection of the standard deviations shows that the control of indoor temperature was satisfactory; there were no significant differences beweeen day and night as well as between winter and summer.
Broiler and layer houses had more stable temperatures and humidities than other housing types. The mean temperatures as well as the standard deviation were characterized by the lowest diurnal and seasonal deviations, and no significant variations were observed. In all cases, the indoor temperatures were slightly higher in summer than during winter, though the magnitude of the difference was insignificant in terms of production.
The overall temperature control within all types of pig and poultry houses was generally good in that there was little effect of the ambient conditions on the mean air temperature within the buildings over an external temperature range from 0 to 17°C. This can be attributed to an efficient ventilation system and, for some types, heating. There was a trend for temperature control to be apparently lost in pig and poultry houses as the external air temperature rose above +17°C and maximum ventilation rates were achieved. In contrast, air temperature within all types of cattle housing followed closely the ambient conditions, as might be expected in climatic housing with natural ventilation.
The overall mean RH ranged from 69 to 91% in cattle houses, between 60 and 82% in sow and pig fattening units and between 57 and 71% in poultry houses, where the ventilation system was sometimes controlled by air moisture. The RH in weaner houses ranged between 50 and 58%, with a minimum of 18% due to heating. Farm animals are quite tolerant of a wide range of relative humidities with recommended ranges 16 of 50-90% RH. Values of less than 40% RH should be avoided, because dust generation increases and the mucous membranes of the upper respiratory tract become dry, both of which may have adverse effects on the defences of the respiratory tract. An RH of greater than 90%, combined with a high indoor air temperature, will restrict evaporative heat loss and lead to heat stress, in particular for animals such as pigs which cannot sweat. While there is now a trend towards humidity control in broiler houses, humidity is not controlled in the majority of livestock buildings because of the technical difficulties of integrating humidity and temperature control systems and the lack of specific control targets over and above the broad recommendations given above.
The introduction of climatic indices might facilitate evaluation of a building's microclimate. A temperaturehumidity index 18 (THI) has been proposed which combines air temperature and humidity, though other determinants of heat exchange such as wind speed are excluded. However, this concept has not been adopted widely and assessment of the likelihood of heat and cold stress is usually restricted to separate analyses of air temperature and humidity.
Conclusions
A survey of the thermal environment in 329 livestock buildings in Northern Europe showed that dry bulb air temperatures and relative humidities were generally in agreement with recommended values with few adverse consequences for health or production. Nevertheless, hot air temperatures occurred in some building types occasionally in summer, indicating the limits of control of temperature in mechanically ventilated buildings. Naturally ventilated houses were more influenced by the prevailing climate. 
